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ABSTRACT 

We used the flux calibrated images through the Broad Band Filter Imager 
and Stokes Polarimeter data obtained with the Solar Optical Telescope onboard 
the Hinode spacecraft to study the properties of bright points in and around the 
sunspots. The well isolated bright points were selected and classified as umbral 
dot, peripheral umbral dot, penumbral grains and G-band bright point depending 
on their location. Most of the bright points are smaller than about 150 km. The 
larger points are mostly associated with the penumbral features. The bright 
points are not uniformly distributed over the umbra but preferentially located 
around the penumbral boundary and in the fast decaying parts of umbra. The 
color temperature of the bright points, derived using the continuum irradiance, 
are in the range of 4600 K to 6600 K with cooler ones located in the umbra. The 
temperature increases as a function of distance from the center to outside. The 
G-band, CN-band and Call H flux of the bright points as a function of their blue 
band brightness increase continuously in a nonlinear fashion unlike their red and 
green counterpart. This is consistent with a model in which the localized heating 
of the flux tube deplete the molecular concentration resulting the reduced opacity 
which leads to the exposition of deeper and hotter layers. The scatter in Call H 
irradiance is higher compared to the G-band and CN-band irradiance. The light 
curve of the bright points show that the enhanced brightness at these locations 
last for about 15 to 60 minutes with the least contrast for the points out side 
the spot. The umbral dots near the penumbral boundary are associated with 
elongated filamentary structures. 

The spectropolarimeter observations show that the G-band brightness closely 
follows their magnetic filling factor. As the filling factor decreases the bright- 
ness increases. Generally, the umbral dots have higher magnetic field and larger 
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Doppler velocity compared to their counterpart outside the spot. The "flux 
tubes" in the umbra are less inclined compared to the ones associated with the 
penumbra. 

We discuss these observation in the framework of sunspot models that include 
the creation of umbral dots by the plasma trapped in between the magnetic flux 
tubes. The upward intruding plasma through the nonmagnetic columns between 
the fluxtubes of sunspot produce the bright points and heat the matter inside 
of adjacent tubes. The heated plasma flows in the direction of reduced gas 
pressure. Similar localized heating of penumbra leads to the origin of penumbral 
grains. The G-band bright points are mostly the vertical flux tubes embedded 
in photospheric material. The varying degree of G-dand, CN-band and Call 
H brightness of these points are due to the combined effect of different degree 
of heating and exposure of hot flux tube walls for viewing deeper photospheric 
layers. 

Subject headings: Sunspot: Thermal — Sunspots: Temperature, Sunspots:Magnetic 
Field, Sunspots:Velocity Field, Sunspots:Umbral dot 
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Introduction 



The compact and time varying bright regions located in the form of umbral dots, 



light bridges and penum bral features harbor signatures q 



below the visible layers ( IParker 



1979 



Choudhuri 



Spruit fc Scharmer 



und e rlying physical processes 



200 



Schiissler & Vogler 



2006 



19861 ) . Last two decades of ground based high spatial resolution observations 



have revealed that umbra is inhomogeneous divided by light bridges and filled with bright 
points and elongated structures that can not be primarily produ ced by granular convection 



processes ( ISobotka et al 



1993 



Livingston 



1991 



Rimmele 



20081 ). The penumbra is more 



dynamic with stratified temperature, velocity and mag netic field structure and consists 



of elongated channels with interm itt ent Evershed flow (jRoupee van c 



2002 



Westendrop Plaza. C. 



2001a 



Roupee van der Voort. L. H. M. 



er Voort. L. H M. 



2003 



Rimmele 



19941 ) . 



Extremely 



jright grains and regions of h ot upflows are also observed at the middle of 



penumbra ( iDenker et al. 



2008 



Beck 



20081 ). The features are integral part of the magnetic 



structure, which could be aggregation of m any separate flux tubes pressed together to form 



a flux bundle or monolithic large flux tube (Idel Toro Iniesta 



200lh 



Theoretically, there are three mechanisms that can produce bright points with 
some of the observed properties in the sunspot. One of them is primarily based on the 
properties of flu i ds wi th high electrical conductivity trapped in magne tic field describe d by 



Chandrasekharl ( 1l96ll ) that were also observed in laboratory systems (INakawaga 



Parker! (jl979h 



1957). In 



case of sunspots, the plasma is trapped between the flux tubes in a cluster, 
proposed that the sunspots are dynamical clustering of many separate flux tubes pressed 
together as single flux bundle at the visible surface keeping their separate identity beneath. 
While the magnetic pressure at the center of the flux tube axis is smaller by about 0.5 to 
0.75 compared to the boundary near the photospheric layers, the field is more concentrated 
below. The space between the flux tubes below the photosphere are filled with the field 
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free plasma w hich become unstable and subjected to oscillation appearing as umbral dots 



((Parker 



19791 ). Su ch oscillatory pla sma can also penetrate the surface with velocities of 



about 270 m s 1 (jChoudhuri 



19861 ). The observations of formation and decay process 



of the sunspots appears t o be consistent with these theories of penetrative convection 



(jGarcia De La Rosa 



19871 ). The second category of physical processes are developed for 



monolithic sunsp ots as a result of non-linear magnet ic convection leading to oscillatory 



plasma columns (IKnobloch. E. &: Weiss. N. O. 



19841 ) . The simulations show that the 



monolithic sunspots models can also explain, the formations of umbral dots with magnetic 
fields of 3.8 kilo Ga uss, central upward flowi ng plasma of upto 4 km s _1 , surrounded by 



downward motion (jSchussler fc Vogler 



20061 ) . The velocity field at the top of plasma 
columns in these processes would display vertical velocities up to 1 to 2 km s _1 . The third 
type of theoretical model consider magnet ohydrodynamic consequenc es of thin vertical 
gas column embaded in a sunspot umbra (jDegenhardt Litea ll993al Jbl) . Geometrically, 
this is a converging gas column with a week field than that of the ambient medium. In 
this case, both up and down flowing plasma exists depending on the temperature and 
density at the top of the column. While the appearance of near circular structure of 
the compact bright features are consistent with the theoretical models, other properties 
such as mass motion and magnetic field configuration needs to be examined for a better 
understanding. Several observations show not all the umbral dots are circular and the 
associated velocities vary. The penumbra consists of elongated horizontal flux tubes through 
which the intermittent Evershed flow occurs. Some of the theoretical models describe 



the penumbra result of the returning 



through turbulent pumping (IThomas et al. 



ux tu bes anchored by the inter-granular lane 



20021 ). Other models interpret penumbral fine 



structures as due to the convection of field-free radial 



surface ( j Spruit fc S charmer 



2006 



Schussler fc Vogler 



ly ali gned gaps just below the visible 



20QJ). 



These different competing models can now be examined in detail with the availability 
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of high spatial resolution observations. With the high resolution spectropolarimetry 
observations and modeling it has been possible to look for finer descripencies between the 
theory and obserrvations. For example the TIP and POLIS observations show that the 
penumbral models with flux tubes embedded in non-magnetic plasma needs to account 



for the flow ((Beck 



20081 ) . The high resolution images of sunspots obtained with adoptive 
optics system at Dunn Solar Telescope show elongated structures associated with umbral 
dots towards th e penumbral boundary that can not be entirely due to magnetoconvections 



( IRimmele 



20081 ). The imaging and spectropolrimetry observations with the Solar Optical 
Telescope (SOT) on Hinode provides best possible high spatial resolution observations 
to study these structures without seeing interruptions. These o bservations have alread y 



contributed to our und erstanding of the sunspot bright points ( jWatanabe et al. 



Riethmuller et al. 



2009a ; 



2008). The similarity of penumbral grains and peripheral umbral dots 



have been found by Sobotka and Puschm ann (2009). On the othe r hand, there is a difference 



in the evolution of these two structures (IRiethmuller et al 



20081 ) 



In this paper, we use the broad band images and spectropolarimetry observations of 
sunspots to study the thermal and magnetic properties of isolated bright points in and 
around sunspots. We find that there is continuity in the properties of bright features from 
the umbral dots that exists deep inside the umbra to the bright points in the vicinity of 
sunspots. We discuss these results with contemporary models through a simple cartoon. 



2. Observations and Analysis 



We have used the images of the sunspo ts with Focal 



Telescope (SOT) on the Hinode Spacecraft (ITsuneta et al. 



'lane 



2008 



'ackage of So 



Kosugi. et al. 



ar Optical 



20071 ). The 



sunspot images through Broadband Filter Imager (BFI) with spatial resolution resulting 
from lxl and 4x4 summing were used for this study. After initial processing of the 
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images for removing instrumental affects with standard procedures provided by Hinode 
team and co- alignment, we perform flux calibration. In order to convert the data number 
into the units of solar irradiance, we compared the data numbers of solar flux obtained by 
the Charge Coupled Device on ground and space before and after the launch of Hinode 
to check the consistency of detector performance. We measured average data numbers of 
area covering 100 square pixels in relatively non-plage locations of quiet su n away from 



the s unspots that may represent the average solar flux measured on ground (jShimizu et al. 



20071 ). The ground based measurements were performed by observing the disk center and 
averaging the entire field of view. While the ground measurements may contain some 
magnetically active locations, we have excluded them from space measurements. Figure 
1 presents the ground and space data number comparison for 29 April 2007. We find 
the general trend of data numbers of the detector remains same both on ground and on 
space with somewhat larger scatter through the filters with shorter wavelength. Possible 
inclusion of pixels with magnetic elements in the ground based data could result differences 
especially in Call and G-band flux. After correcting for the reduced filter transmission for 
the observing day, we compare the quiet sun values with a standard zero airmass solar 
spectrum to o btain the calibration factor to convert the data numbers into solar flux units 



( jWehrli 



19851 ). The flux calibrated images were used to obtain the intensity of bright points 



in the sunspots. 

The sunspots that were used for this study are given in Table 1. The bright features 
representing umbral dots, peripheral umbral dots, penumbral grains and bright points in 
the vicinity of sunspots were identified from the ratio images obtained by dividing G-band 
and Call H frames as shown in Figure 2. The contrast of the bright points in the inner 
portion of sunspots becomes much higher leading to their easy detectability. The higher 
contrast in the ratio images are due to the featureless umbra in Call H images which 
represent the solar atmospheric height of about 150 Km above the G-band height formation 
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( ICarlsson et al.l 120071 ). Most of the sunspot flux tubes, that result the moving magnetic 



features, do not reach at lower atmosph eric heights below about 300 km 



non-appearance at lower chromosphere (jChoudhary &: Balasubramaniam 



eading to their 



20071 ). In this 



case, the Call H images act as high pass filter enhancing the features that do not reach the 
heights of about 150 km. Identification of bright features by comparing G-band and Call H 
images preclude the points that might be effected due to the presence of brighter locations 
in close proximity. 

The photometry of the bright points were performed following method similar to 
the crowded-field photometry known as DAOPHOT (Stetson, 1987). The main steps are 
identification and flux measurement by fitting a Gaussian surface function to the bright 
point. Initially, the coordinate of the bright points were visually determined from the ratio 
images. The coordinates match very well with the locations of well defined, isolated bright 
points found by adopting the automatic procedures that compares the adjacent pixels to 
look for enhancement of local intensities (Riethmuller et al, 1008, Watanabe et al, 2009). 
The additional constraint for selecting the bright point for our analysis is successful fitting 
of Gaussian surface leading to a convergence for photometry flux extraction. The exact 
center of the bright points were determined by using a derivative search at which the local 
derivative in the neighborhood of the manually found positions of brightness goes to zero. 
A 20 x 20 pixel image around the center was extracted for flux measurements. The image 
was fitted with a two dimensional elliptical Gaussian function given in Equation (1), around 
the centroid of the rectilinearly gridded bright point image. 

F = A + A 1 e-% (1) 

where U = (f f + (j) 2 . The X, Y are the center and a, b are the axis of the ellipse 
along the line joining to the centroid of the large portion of the sunspot umbra. The flux 
was calculated by summing the intensity of the pixels within half width of the Gaussian 
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Surface. Average size of the bright point was computed by taking average of both axis. 
Figure 3 show typical bright points and corresponding Gaussian surface. Figure 4 shows 
the histogram of the bright point radius. The extracted flux over the Gaussian function 
half-width from the co-aligned images through the filters represents the brightness of the 
different features in the sunspot that are shown in Figures 5. Figure 6 show the continuum 
flux superposed with the Planck function for different temperatures. 

The G-band images over a period of 5 hours were co- aligned using the adjacent image 
shifts to determine their light curve. The integrated flux was measured following the 
same procedure. Since the extracted image for Gaussian surface fitting is larger with 20 
pixels, the inward migration of umbral dots, which is at most about three pixels, does 
not contribute to the flux measurement. Figure 7 show the typical light curves of various 
locations. 

The spectropolarimeter (SP) observations of the sunspot close to the imaging 
observations, obtained on 28 April 2007 beginning at 09:00 UT, are used to determine the 
magnetic and velocity properties of the bright features. By using the inversion of radiative 
transfer equation for all components of polarized spectrum, we obtained the magnetic and 
velocity over the sunspot from the SP data. The inversion code uses Milne-Eddington 
atmosphere for producing the spectral lines. The magnetic and velocity field maps and 
the degree of polarization in the spectral lines in the sunspot are shown in Figure 8. The 
reference velocity (zero velocity) was obtained by averaging the values of the pixels in the 
umbra that did not contain bright points. We notice the enhanced magnetic and velocity 
compared to their surrounding. We obtained the magnetic field and velocity of several 
common identified points of images by following a similar feature of flux extraction by two 
dimensional Gaussian function fitting. The compact bright points in the continuum image 
of 6301.5 A were close to the coordinates of bright points in the red continuum image. 
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Figure 9 show the filling factor of the bright points that are common in SP and imaging 
observations plotted along with the G-band bright point intensities in the same scale. 
Other properties such as magnetic field, Doppler velocity, field inclination and degree of 
polarization of the bright points derived from the SP observations are shown in Figure 10. 



3. Results and Discussion 



There are two classes of theoretical sunspot structures that can be used to build 
contemporary models to explain the formation of Umbral Dots. One of them is developed 
with the hypothesis that the subsurface magnetic field of a sunspot contains several separate 
flux tubes filled with magnetic field free fluid between the gaps. Through penetrative 
convection the field free gas oscillates or occasionally pen e trates through the surfac e 



appearing as bright points (IParker 



1979 



Choudhuri 



1986 



Garcia De La Rosa 



19871 ). 



The other models u mbral dots as the result o f rising plumes triggered by the oscillatory 



magnetoconvections (ISchiissler fc Vogler 



20061 ). In both these models the up flowing plasma 



at the bright dots has higher density with reduced blackbody temperature compared to 
the quiet sun. In case of penetrative convection the fluid is magnetic field free, where as 
in the case of magnetoconvection of monolithic sunspots, the umbral dot field is expected 
to be mostly in the vertical direction. The plasma columns with lower field compared 
to the surrounding embedd ed in a flux concentration will also produce the bright points 



(IDegenhardt fc Lites 



1993al ). In the following, we shall discuss our results in context of 



these theoretical models. 
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3.1. Ratio of G-band and Call H images 



The ratio of sunspot image obtained through G-band filter and Call H filter is shown in 
Figure 2 that shows 



Carlsson et al 



Dright points in the umbra, penumbral boundary and in the penumbra. 
(120071 ) have shown that for the SOT/BFI G-band filter that includes a broad 
upper photospheric contribution samples about 74 km, where as Call H filter samples 
higher region at the height of 247 k m of solar atmospher e. These heights are derived using 



the quiet sun atmospheric models (IFontenla et al. 



1990). In sunspots, the atmospheric 



model will change significantly, the contribution in Call H would be at a higher atmospheric 
level compared to that of G-Band. The sunspot atmospheric models show t hat the densi ty 



and pressure has a high er gradient in sunspots compared to the quiet sun (IStaude 



1981 



Qbridko &: Staude 



19881 ). The contribution height between the two lines in the umbra 



might be smaller than 173 km, which is less than the height of the magnetic features 



obtained earlier ( Choudhary fc Balasubramaniam 



20071 ). I n the penumbra, ho wever, the 



Call formation height could be higher than in the umbra (iDing &: Fang 



19891 ). The ratio 



images show peripheral umbral dots are mostly located at the foot points of the origin of 
penumbral fibrils and much brighter than the umbral dots. These bright points are also 
seen to make inward migration with time. However, with in the time gap of images used 
for the ratio images, which is about 3 seconds, the motion would result the displacement 
within a pixel of the detector without affecting the contrast of these points. These points 
may be considered as the penumbral foot points as they are located mostly at the origin 
of penumbra. We notice most umbral dots are not completely circular but has a slightly 
asymmetry directed towards the penumbra as shown in Figure 3a. The ratio of elliptical 
axis of Gaussian surface is about 1.1. Some of the umbral dots, specially located towards the 
umbral boundary, display elongated filamentary structures pointed towards the penumbra 
as shown at the location with arrow m ark in contrast enhanced image in Figure 2. Such 



elongated features are reported earlier (iRimmele 



20081 ). Similar to the radial filamentary 
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structures discovered by iLivingstonl (Il99ll ). many umbral dots appear to be linked with 
magnetic structures, contrary to the expectation of theoretical models that consider them 
only due to the rising plasma columns in sunspots. The dots are not uniformly distributed 
in the umbra and are more concentrated at that part of the umbra that decayed sooner. 
We have examined at least 16 sunspot ratio images. In all these sunspots the umbral 
dots located at the foot points of the penumbra towards the disk center appear brighter 
compared to their limb side counter part. Such effect would be expected if the bright points 
represent inclined magnetic structures in which the limb side has lower depth compared to 
the ones towards the center of the sun. Earlier observations have also showed the similarity 
between th e umbral dots and periph eral umbral dots and non-uniform distribution within 



the umbra ( jSobotka fc Jurcak 



20091 ) . These imaging observations suggest that the bright 



points in the umbra and its periphery may not be only due to the protrusion of non 
magnetic material from below the visible surface, but are actually parts of rapidly diverging 
inclined flux tubes similar to the ones that make penumbra. 

The ratio images show that the penumbra is divided into two parts at midway between 
the umbra and quiet sun. The inner penumbra has higher ratio compared to the outer 
penumbra. This is roughly the location where t he inward and outward migration of 



penumbral grains are observed (iDeng et al. 



20071 ). This division of brightness of penumbra 



show the temperature stratification with height is different in two parts of the sunspot. The 
temperature distribution leads to the photospheric layer of inner sunspot hotter, whereas in 
the outer part the lower chromosphere is hotter contributing more flux through the Call H 
filters. The penumbral grains are brighter and elongated with the ratio of axis of 1.4 and 
few with higher values as shown in Figure 3b. Most theoretical models describe penumbra 
as horizontal flux tubes embedded in field free plasma with gaps be tween them similar 



to the Parker's model of subsurface magnetic st ructure of sunspots (ISpruit fc Scharmer 



2006 



Heinmann et al. 



2007 



Rempel et al. 



20091 ). In these models the bright features are 
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considered as the hotter field free material surrounding the flux tubes carrying the cooler 



plasma. Some times they are also considered as the yiew o 
of penumbral flux tubes as first reported by iMoord (11981a 



photosphere through the gaps 



bj). While, it is not possible to 



distinguish between the photospheric view and in-situ hot plasma around the flux tube, 
we notice that the bright features are elongated and aligned at the middle portion of the 
penumbral features indicating that they are related to the geometry of the flux tubes. 
There are other mechanisms such as localized reconnections that can heat the magnetized 
plasma due to the magn etic reconnection processes as primarily observed in Call H images 



( iKatsukawa et al. 



20071 ). Such contribution we would observe as dark features in outer 
penumbra in the ratio images. However, if the reconnection heats the plasma at lower 
heights in the flux tubes the features would be elongated. The bright points observed in the 
penumbra are long lived unlike the reconnection events that has shorter life time. The size 
distribution derived from the ratio images of the bright points is bimodal peaking below 0.2 



arc second and near 0.5 arc sec as show n in Figure 4. T 



dots similar to the features observed by 



re smaller bright points are umbral 



Rimmeld (120081 ). The larger ones are peripheral 



umbral dots or penumbral foot points. The sample with large size than 0.5 arc second are 
the penumbral grains. 



3.2. Bright Point Photometry 

The photometry measurement of the bright point flux through blue (4505 A), green 
(5550 A) and red (6684 A) continuum filters along with the planck functions for the 
temperature range of 4600 to 6600 K are shown in Figure 6. The Figure shows that there is 
a gradual increase of temperature from cool umbral dots to the hotter G-band bright point 
in the vicinity of the sunspots with in range of 2000 K. Earlier spectroscopic obse rvations 



showed that the sunspot umbra mainly consists of a two component atmosphere ( IMakita 
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19631 ). The cold component has temperature of ~ 4000 K, where as the hot component 
temperature is ~ 5700 K. The hot component occupies about 10% of the area and contribute 
to the 50% of the radiation. Our observations show that while these temperatures are 
consistent with the hot component umbra derived using the spectroscopic diagnostic, we 
find that the hotter component ac tually is due to the umbral dots located at the boundary 



of penumbral fibrils (IMakita 



1963). While the umbral dots are cooler, the penumbral grains 
and outside bright points are hotter. Consistent with the blackbody character of the bright 
points, the continuum flux through green and red filter change linearly with respect to the 
blue continuum flux as shown in Figure 5. We also notice that the G-band brightness of 
the points surrounding the sunspots represented by the blue plus sign are brighter when 
located near the solar limb compared to the disk, a trend similar to the quiet sun G-band 
bright points. 

As shown in Figure 5, the flux measured through the filter in molecular bands (CN 
and G-band) does not show the trend for black body character of the bright points in which 
case the corresponding values would have been similar to continuum flux trend. Instead of 
a linear relationship between the blue (Fb) and G-band (F g ) flux, we find the non linear 
dependence represented by the dashed line following the Equation 2. 



F g = (A x F b ) + F b 2 + B 



(2) 



where A and B are constants. The theoretical modeling of G-band bright poin ts are 



19981 ). In 



focused to explain the measurements carried out the quiet sun (IBerger et al. 
quiet sun, the G-band bright points are mostly associated with the magnetic concentrations 
that has elevated temperature leading to the dissociation of primarily CH molecules. At 
these wavebands the opacity remains unchanged compared to the neighboring continuum 



opacity that is due to H 1 . As a result the dee p photospheric layers o: 



exposed through the CH-wavelength window (ISanches Almeida et al. 



hotter flux tubes are 



2001 



Steiner et al 



- 15 - 



2001 



The flux tube geometry plays an important role, where the evacuated magnetic 



elements for maintaining the pressure balance with the surrounding exposes the hotter 
layers of photosphere that is enhanced for inclined flux tubes leading to hig her brightness 



near the solar limb compared to their disk counterpart ( jRutten et al. 



20011 ) . Here also we 



notice the enhanced G-band brightness of circum-sunspot bright points compared to their 
disk counterpart (Figure 5a). However, the bright points in the sunspot do not show such 
disk-to-limb variation trend of the brightness. This behavior may be expected from already 
inclined flux tubes that would show the G-band brightness with an upper limit. In that 
case, our observation imply that unlike their quiet sun counterpart, the sunspot bright 
points would represent inclined flux tubes, which is consistent with the magnetic field 
inclination values obtained from SP observations shown in Figure 10,. The G-band spectral 
synthesis with model solar atmosphere show that the G-band intensity does not vary in 
a linear fashion with resp ect to the continuum intensi ty and depends on the magnetic 



properties of the location (ISanches Almeida et al 



200ll ). We observe a similar trend for CN 



band as shown in Figure 5b. In Call H filter, we also observe a similar trend with more 
scatter shown in Figure 5c. In case of Call H the enhanced ionization in hot environment 
could result a similar situation as molecular dissociation alter the opacity of the region. 
The non linear dependence of G-band flux as well as flux measured through CN and Call 
H filters could be due to the magnetic properties of the bright locations in the sunspots as 
discussed later. 



3.3. The Light Curves 



The bright point light curves in Figure 7 show that the large contrast enhancements 
observed in umbral dots, peripheral umbral dots and umbral grains compared to the 
circum-sunspot bright points. The life time of bright points are in the range of 15 
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minutes to about one hour. T his is in agreement with several earlier measurements 



( IKusoffskv fc Hundstedt 



19861 ) . The higher contrast in the umbral dots compared to the 
G-band bright points could be due to the intense heating of the cold gas in side the spot 
compared to the ones outside. Inside the sunspot, the material is generally cold, isolated 
by the magnetic field from the hot plasma in the solar convection zone. The physical 
mechanism that can heat the material does so for a limited time exposing the hot material 
underneath. The G-band bright points outside the sunspot are generally embedded in a hot 
environment. The external heat input does not have a dramatic effect as in case of sunspot 
material. 



3.4. Magnetic Properties 

The total magnetic flux, Doppler velocity and the degree of polarization map derived 
from the SP observations are shown in Figure 8. While the magnetic field map show that 
the bright points corresponding to higher magnetic field compared to the surro undings, the 



polar ization map show enhanced polarization in agreement with earlier results (IBeck et al. 



20071 ). Both these observations indicate the magnetic nature of the bright points. While the 
magnetic field are enhanced at these location of bright points that appear as blobs in the 
magnetograms, the field at the center of these blobs appear to be some what lower than the 
surroundings. The line of sight velocity map show continuous channels of enhanced velocity 
elongated towards the penumbra starting at some of the bright points. 

The quantitative magnetic properties of the bright points are presented in Figure 9 
and 10. The relationship between the magnetic filling factor and the G-band flux of bright 
points derived from the nearly co-temporal observations of BFI and SP observations are 
shown in Figure 9 in the same scale. We measure the flux at the bright point in G-band 
and their corresponding red continuum using the BFI images. Similarly, the flux of the 
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bright points at the continuum wavelength of 6301.5 A and their filling factor from inverted 
SP data are extracted. These are the two different data sets that are used to determine 
the continuum flux of sunspot bright points in red wavelength, G-band intensity and the 
magnetic filling factors. Although the spatial coordinates of the bright points in BFI and 
SP data are close, we are not sure if they are the same objects due to the temporal gap 
between two observations. Therefore, we plot the G-band flux and magnetic filling factor as 
a function of red continuum and 6301.5 A wavelength respectively to examine the general 
trend. We notice a remarkably tight relationship between the magnetic filling factor with 
G-band bright point intensity where the magnetic features with smaller filling factor are 
brighter. Although the SOT on Hinode has very small scattered light contribution, it would 
effect most for the umbral dots resulting their lower value indicated by the arrow i n Figure 



9. T 



le reduced filling factors are expected for the flux tube that "flare out" more ((Parker 



19791 ) leading to the exposure of larger cross-section of photosphere devoid of CH molecules. 



Figure 10a show that the brighter points are of lower magnetic flux compared 
to the darker counterpart , which are mostly umbral dots similar to the earlier res ults 



(peckers fc Schroter 



Watanabe et al. 



1969: 



2009a 



Kneer 



1973 



Socas-Navarro. et al. 



Wiehr fc Degenhardt 



200 



Rimmele 



2004 ; 



19931 ). However, our the Doppler velocity 



measurements also show smaller values for the brighter spots compared to their darker 
counterpart in the sunspot (Figure 10b). The brighter points situated in outer penumbra 
and outside the sunspot also display large downward velocity values as represented by six 
points shown in a circle in figure 10b. These locations could harbor the Evershed flow 
material draining along the flux tube. Although, we shall discuss the velocity properties of 
the bright sunspot features in a later paper, here we confine the comparison with the velocity 
measurements having high spatial resolution observations. Several velocity measurements 
in different wavelength show diverse properties of umbral dots and penumbral grains. 
While some penumbral grains showed upflows, the umbral dots displayed large down flows 
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( IHartkorn 



20031 ). The relative red shift velocities are observed at these points indicates the 



presence of down flowing plasma ( IWiehr &: Degenhardt 



show the bright features moving towards the umbra (IKitai 



1993). The proper mot i on studies 



1986 



Malcolm 



1992 



994). The ground based high resolution observations using adoptive optics by 



Rimmele 



Rimmele 



( 12004] ) showed the the bright points displaying ± 300 m s , with brighter ones near zero 



velocity. However, the Hinode observations also showed relative blue sh ifts indicating a 



upwar d flow plasma with respect to the surrounding at these locations (I Watanabe et al 



2009aJ). The observations with La Palma Stokes Polarimeter show very small upflows with 
velocity of about 10 m s -1 . Hinode SP data inyersion also find downflq w velocities at 



higher photosphere ( iSobotka fc Puschmann 



2009 



Riethmiiller et al. 



20081 ). The velocity 



measurements, being relative to the surrounding, they are effected by the choice of reference 
velocity region. Some of the discrepancy of the velocity measurements could arise due to 
the selection of the reference region. Our velocity measurements are derived from the Stokes 
profile inversion that gives Doppler velocity measured from the line shift. The velocity of 
the umbral region devoid of bright features was taken as the reference, with respect to which 
all except two penumbral bright points show down-flow velocities. Figure 10c show a wide 
range of the field inclination for the brighter points with smaller rang e for umbral dots. The 



horizontal field are fou nd at these locations in earlier measurements (1 Wiehr &: Degenhardt 



1993 



Lites et al 



19911 ). Combined with the discovery of association of elongated features, 
the flatter field of these locations indicate the presence of inclined flux tubes at the sunspot 
bright points. The degree of polarization is higher at these location of bright points with 
decreasing trend for brighter points as shown in Figure lOd. As the polarized signal is 
essentially due to the magnetic field, the bright features are likely the site of magnetic flux 
tubes instead of field free plasma. 
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The Model 



The observational properties of the sunspot bright points, presented in section 3, 
show their magnetic structure. While several properties of the bright points agree well 
with earlier results, our G-band flux measurements of four sunspots, indicate that t hese 
locations are showing properties of "flaring flux tubes" as described by 



Rutten et al. 



(120011 ). 



We also notice that careful examination of the umbral bright points in the sunspots show 
association of elongated fila mentary structure extending towards the penumbra similar to 



the features reported earlier (ILivingston 



1991 



Rimmele 



20081 ). Following the theory for the 



Parker! (J1979J), we interpret the results with a model as 



umbral dots, originally proposed by 
illustrated Figure 11. 

The dark vertical lines with divergence at the top in the umbral dot in Figure 11 a 
represent the "Flaring Magnetic Field" above the visible solar surface shown by the dashed 
line. The diverging magnetic flux tubes have gas pressure decreasing in downward direction 
as the magnetic field increases leading to higher magnetic pressure. The inter flux tube 
space is filled with field free hotter plasma, compared to that inside tube, penetrating 
through the gaps in the subsurface clustered flux tube bundle from the quiet sun. As the 
plasma column is trapped between the magnetic field, th e y wou ld be subjected to magnetic 
instabilities in a similar fashion as described by 



Parker! ( 



19791 ) . The hotter oscillating 



plasma will heat the adjacent flux tubes thro ugh heat exchange (jHamedivafa &: Sobotka 



2004 



Spruit 



1981 



Schmidt 



1991 



Jhan 



19921 ). The heated plasma would eventually flow 



downwards following the pressure gradient in the flux tubes. However, if these oscillating 
plasma column were manifesting as the umbral dots, than we would have observed the 
G-band intensity consistent with the blackbody curve in which the brightness increase 
depends linearly with blue band intensity. But, since we observe that the G-band intensity 
is nonlinearly dependent on blue band intensity in a manner that would be expected from 
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the flux tubes as described by iRutten et al.l (120011 ). we suggest that the G-band bright 
points correspond to the diverging flux tube locations adjacent to the oscillating magnetic 
field free plasma column. Since these are the same points that appear brighter in the 
continuum wave bands, the umbral dots represent the photospheric interaction of the 
diverging flux tubes that show the magnetic properties described in the previous section. 

The penumbral foot points are more inclined and located at the edge that is in contact 
with the field free convective zone material. The flux tube plasma at these locations will 
receive more heat flux from the adjacent field free convective zone plasma leading to the 
heating of a large cross-section of hot wall in the line of sight. This effect would result their 
higher brightness appearance compared to the bright points inside the umbra. The sunspot 
has a gradually lower elevation from out side to the center resulting the Wilson depression. 
The same effect would enable viewing a larger cross-section of hot wall of the flux tube 
leading to the brighter appearance of sun center side penumbral foot points. In this model 



the penumbral grains are due t o the viewing of a 



embedded in field free plasma ( iSchiissler fc Vogler 



arger cross section of inclined flux tubes 



either by i n-situ heating by magnetic reconnection (IKatsukawa et al. 



processes (ISchlichenmaier fc Solanki 



2003 



2006) . The localized he ating could arise 



Ruiz Cobo fc Bellot Rubio 



2007) or other plasma 



20081). The G-band 



brigh t points in the vicinity of the sunspot are similar to that described in ( IBerger et al 
1998k 



5. Summary and Conclusions 

The analysis of high spatial resolution imaging and spectropolarimetry observations 
of sunspots show the following properties of their bright points, (a) The bright points are 
non-circular and associated with elongated filamentary structures, (b) The G-band intensity 
deviates from the expected blackbody temperature, (c) The locations of bright points display 



magnetic properties. These properties can be best understood if the subsurface structure of 
sunspots are porous with intersprsed convective zone plasma. 

Understanding the stability and decay of the sunspots is a major problem of modern 
solar physics. The properties of bright points in and around the sunspot is a crucial part 
of the sunspot structure playing important role in this processes. Our study shows that 
the bright points are mostly magnetic concentration compared to their surroundings. The 
properties are compatible with the description in which the bright points represent the 
loc ations inside the diverging flux tubes instead of the inter-flux tube gaps as proposed 



by iParkerl ( Il979l ) . If we consider them as purely due to magneto-convection the nonlinear 
relationship between the blue and G-band brightness can not be explained. In this case the 
upwelled regions of umbra would still show blackbody flux distribution. Also, the brightness 
asymmetry observed in sun center side compared to limb side may not be consistent. In 
conclusion, the location of bright points at the photospheric intersection of the diverging 
umbral flux tubes seems to be the natural model that accommodates most of the observed 
features. 
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Fig. 1. — Hinode Solar Optical Telescope Broad Band Filter Imager detector Response. The 
. Data Numbers corre sponding to the solar flux through different filters, obtained on ground 



Shimizu et al. 



20071 ) and in space, are plotted along with the zero air mass solar spectrum. 
The dash and dash-dotted curves represent the disk center and quiet sun our side the sunspot 
respectively. Depending on the disk position of the sunspot the values in dash-dotted corve 
vary. The left side y-axis refers to the solar flux units and the right side Data Numbers. The 
Zero Airmass Solar Spectrum can be found at http: / /rredc. nrel.gov/solar/spectra/ amO/ 
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12 3 




arcsec 

Fig. 2. — The contrast enhanced ratio image of G-band and Call image of the sunspot. 
The sun-center is to the right. The umbral dots are seen enhanced. The inner penumbra is 
brighter than the outer penumbra. The umbral dots near the penumbra are associated with 
elongated structures. The Umbral Dot (UD), Penumbral Grain (PG), Peripheral Umbral 
Dot (PUD) and G-Band Bright Point (GBP) are shown in circles. The arrow show the 
elongated structure associated with umbral dots. The sun-center is to the right. 
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Fig. 3. — (a) Umbral dot, (b) Penumbral grain. The top and bottom images are the sunspot 
bright point and fitted images. The surface plot represent the two dimensional Gaussian 
function for the bright points. The arrow mark points towards to the penumbra in (a) and 
penumbral foot point in (b). 
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Fig. 4. — The histogram of size (bright point radius) distribution of the sunspot bright points. 
Umbral dots are smaller than 0.25 arc second, size of peripheral umbral dots (penumbral 
foot points) peak at 0.5 arc second and penumbral grains are larger. 
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Fig. 5. — The flux of the sunspot bright points through G-band, red and green filters plotted 
as a function of flux through blue filter. The symbols represent different sunspots. a (top 
right), b(top left) and c (bottom) figures are the scatter plot for G-band, CN-band and Call 
H flux respectively. The small plus symbols represent the continuum flux through SOT green 
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Fig. 6. — Continuum niters superposed with planck functions of temperature range 4600 to 
6600 K with intervals of 200 K. The red to blue + sign are umbral dots to circum-sunspot 
G-band bright points. The temperature vary gradually among the bright points depending 
on their location in the spot. The umbral dots are cooler than those situated outside the 
spot. 
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Fig. 7. — The light curves of different bright points in and around the sunspot. The light 
curves are normalized to the peak intensity (I ma x) of the time series for the individual bright 
points. The profiles are plotted by shifting 0.5 in y-axis to show them in the same Figure. 
For each profile the maximum value is 1.0 and the minimum is 0.0. 
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Fig. 8. — (a) Doppler Velocity, (b) Continuum Image, (c) The Magnetic Flux and (d) 
Degree of Polarization map of the sunspot. The enhancement of magnetic field and degree 
of polarization corresponding to the bright points are noticed. The Doppler velocity map 
show narrow channels directed towards penumbra originating from the umbral dots. 
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Fig. 9. — Magnetic Filling factor and G-band intensity of sunspot bright points. The left 
and bottom axis labels is for the magnetic filling factor. The Top and Right axis labels are 
for the G-band intensity. The bottom arrow indicates that the actual value of the magnetic 
filling factor of the umbral bright point may be higher. 
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Fig. 10. — (a) Magnetic Field, (b) Doppler Velocity, (c) Magnetic Field inclination angle and 
(d) Degree of Polarization of the bright points of the sunspot. The enhancement of magnetic 
field and degree of polarization corresponding to the bright points are noticed. The encircled 
points in velocity plot showing higher velocity belong to the bright points towards the end 
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Fig. 11. — The Model. The dark solid lines represent the magnetic field lines. The blue blob 
are magnetic field free plasma inter-flux tube space. The orange blobs are plasma at the 
foot point of the flux tubes that are heated by the oscillating field free plasma penetrating 
from the side or below the sunspots. The arrows on the blobs indicate the direction of 
their momentary state of motion. The thick arrow indicate the viewing direction of the 
bright features. The side arrows from the blue blobs indicate the direction of heat flow from 
non-magnetic material to flux tube material. 
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Table I. Sunspots used for the study 



POS 


Date 


Location 


Hale Type 


Area" 


2006 November 14 


10940 


S10E35 


PS/a 


500 


2007 February 28 


10944 


S05W07 


P 


640 


2007 February 02 


10923 


S06W03 


a 


100 


2007 April 28 


10953 


S04W20 


P 


290 



a in millionth of disk 



